The responses of isolated cat papillary muscles and left atrial strips to a variety of procedures were classified systematically according to the induced changes in peak tension (T), mean rate of tension development (AT/At), and time to peak tension (TTP). Increasing temperature from 25° to 37°C augmented AT/At but reduced TTP reciprocally so that T remained constant. Increased frequency of contraction, thyroid hormone, and increased temperature markedly augmented AT/At but shortened TTP, with relatively little alteration in T. Norepinephrine, tyramine, paired electrical stimulation, strophanthidin, and calcium increased T by augmenting AT/At proportionately more than they reduced TTP. Acetylcholine and serotonin augmented T by raising AT/At with relatively little effect on TTP. Strontium increased T by causing both a prolongation of TTP and an augmentation of AT/At. Depression of T in muscles from failing hearts occurred primarily by a reduction of AT/At, and the negative inotropic effects of hypoxia or pentobarbital resulted from reductions in both AT/At and TTP. In muscles from hypothyroid cats, depression of AT/At was partially compensated for by prolongation of TTP. Since AT/At is related to the intensity of the active state and TTP to its duration, such analysis of these variables should provide a framework for the characterization and quantitative comparison of various types of inotropic stimuli.
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• Changes in the contractile state of heart muscle have, in general, been classified simply according to whether they produce an increase or a decrease in the tension developed by the myocardium. However, from a consideration of the contour of the isometric contraction it is evident that the tension generated depends on two factors: the rate of tension development and the length of time during which tension is generated (1, 2) . In terms of the muscle model proposed by A. V. Hill (3) , tension is generated by a contractile element arranged in series with an elastic element. The rate of tension generation depends on the stiffness of the elastic element and the rate of shortening of the contractile element. The latter, in turn, is determined by its active state, which reflects the rate of chemical processes at contractile sites, and may, at any instant in time and at any muscle length, be characterized by the measurement of the tension and the velocity of shortening (4) (5) (6) . At a given muscle length, the rate of tension development is dependent on the 858 BUCCINO, SONNENBLICK, SPANN, FRIEDMAN, BRAUNWALD position of the force-velocity relation, since the elastic element is a constant passive spring (7) . The tension generated by heart muscle, then, is dependent on the position of the force-velocity relation and the time during which the contractile element is generating tension, i.e., the duration of the active state (6, 8) .
Thus the rate of tension development reflects the intensity of the active state, i.e., the position of the force-velocity curve of the contractile element, and the time required to reach peak tension is directly proportional to the duration of the active state (8) . These two easily measured mechanical characteristics of an isometric contraction offer a practical way of assessing the intrinsic contractile properties of heart muscle, which is more complete than that afforded by measuring peak tension alone. The present investigation represents a systematic analysis of the changes that occur in three interrelated variables, peak tension, rate of tension development, and time to peak tension, when a number of physiologic and pharmacologic stimuli known to alter the contractile state of heart muscle are applied.
Definition of Terms
Peak Tension (T) in g/mm 2 is the maximum active tension which is actively developed by the muscle following stimulation. AT/At in g/mm 2 /sec is the mean rate of development of active tension. TTP in msec is the time from the onset of tension development to the peak of tension development. Contractile state is characterized by the inverse relation between force and velocity of shortening. When force is zero (muscle is unloaded) the velocity is maximum (V max ), and a given V max is unique for a given contractile state. Inotropic stimuli are chemical and physical factors that alter the contractile state of the muscle. Active state is a mechanical measure, in terms of force and velocity of shortening, of the chemical processes that take place in the contractile machinery of the activated muscle.
The intensity of the active state is an indication of the degree to which the muscle is activated, expressed in terms of force or speed of con-traction; the duration indicates how long the active state persists.
Methods
Isometric tension and responses to various physiologic and pharmacologic stimuli were analyzed in right ventricular papillary muscles from cats; 90 were normal adults, 11 hyperthyroid, 13 hypothyroid, 9 with experimentally produced right ventricular hypertrophy, and 10 with experimentally produced right ventricular hypertrophy and congestive heart failure. The cats were rendered hyperthyroid by daily intraperitoneal injection of 1 mg/kg thyroxine for 8 to 17 days and hypothyroid by a single intraperitoneal injection of 1 me/kg m I 3 months before study. Serum protein-bound iodine averaged 4.3 ±0.2 (SEM) in the normal cats, 1.2 ±0.2 in the hypothyroid cats, and more than 25 fig per 100 ml in the hyperthyroid cats. In addition, changes in hemodynamic measurements and in the contractile state of isolated cardiac muscle from these cats were documented as described in detail previously (9) .
Experimental right ventricular hypertrophy with or without associated congestive heart failure was produced by constriction of the pulmonary artery (10) . In addition, five experiments were performed in left atria removed from normal hearts, and their responses to various inotropic stimuli were compared to those of right ventricular papillary muscles removed from the same hearts.
All cats were anesthetized with sodium pentobarbital (25 mg/kg) intraperitoneally, and right ventricular papillary muscles and left atria were removed rapidly and suspended in a bath containing oxygenated Krebs solution, as described in detail previously (11) . Papillary muscles and atria were held at one end by a spring-loaded clip forming the end of a rigid pin attached directly to a Statham force transducer (GI-4-250). In papillary muscles peak isometric tension (T), measured at the apex of the length-active tension curve and corrected for cross-sectional area, was expressed in grams per square millimeter; time to peak tension (TTP) was measured from the onset of tension development at a paper speed of 100 mm/sec and expressed in milliseconds. Since atrial fibers are not parallel, correction for cross-sectional area is impossible, and atrial tension was expressed in absolute terms only.
Papillary muscles and atria were stimulated with square-wave, direct-current impulses of 9 msec and a voltage 10% to 25% greater than threshold delivered through field electrodes placed parallel to the muscle's long axis. Temperature was maintained at 30°C, frequency of contraction at 12/min, and calcium concentration at 2.5 mM, except when the effects of changes in these variables were studied specifically. The effects of the following changes were measured: varying the temperature of the bath between 21° and 37°; altering frequency between 12 and 48 contractions/min; sustained post&xtrasystolic potentiation (using the shortest interval between the driving stimulus and effective premature stimulus); hypoxia (nitrogen replaced oxygen in the solution bathing the muscles); increasing calcium concentration from 2.5 to 6.5 mM and addition of tyramine hydrochloride, ICHM; norepinephrine, 10-°M; acetylcholine chloride, 1(HM; serotonin creatinine sulfate, 2 X ICMM; tZZ-propranolol, K H M ; quinidine, l(h 5 M; strontium lactate, 8.8 X ; pentobarbital, 5 X IO^M; and strophanthidin, 10-G M. The muscles were in the bath for 45 min before drugs were added. The maximum effect of each agent was measured at a time when the response appeared stable. In almost all instances one muscle was used for studying the effects of only a single drug or a single procedure.
From measurements of T and TTP, the mean Circulation Research, Vol. XXI, December 1967 rate of tension development (AT/At) was calculated. This value was 64% of the maximum rate of tension development (maximum slope of the tension curve) and directly proportional to it. Mean rate was used in place of the maximum rate of tension development in order to derive isotension lines according to the formula: T = A T / A t x T T P ( Fig. 1 ). Responses were expressed in absolute terms and, in order to use a common coordinate system for comparison of different experiments, in percentages of control values. In measuring the response to pharmacologic agents, change in temperature, increasing frequency of contraction, paired electrical stimulation, and hypoxia, it was possible to use a muscle as its own control. In describing the effects of alterations in thyroid activity, right ventricular hypertrophy and congestive heart failure, data from different muscles were grouped and compared with those from a group of normal muscles studied under similar condtions. The data were analyzed statistically by Fisher's £-test and by the paired t-test when applicable (12) . Absolute values are presented in the tables; relative changes, which allow a comparison of the 
Results

Inotropic Stimuli Associated with Increases in T and ATMt
In Table 1 and Figure 2 , the stimuli that increase T and AT/At are classified into four general categories according to the associated effects on TTP.
Large Reductions in TTP (Exceeding 25% of Control).-Increasing the frequency of contraction resulted in a relatively large reduction in TTP. Since AT/At rose relatively more
Effects of various inotropic stimuli on peak tension, mean rate of tension development (&T/&t), and time to peak tension (TTP). Reciprocal changes in &T/&t and TTP calculated to yield constant tension are represented by the isotension curve. Increments in tension would appear as points to the right and decrements to the left of this curve. Broken curves represent isotension curves, showing a 40% change above or below control. For each stimulus studied, the percentage change in the AT/At is plotted against the concurrent change in the TTP. Each point represents the mean value for the group of muscles studied. PES = paired electrical stimulation; strophan. = strophanthidin; Ach = acetylcholine; dl propranol. = dl-propranolol; Quin = quinidine; RVH -right ventricular hypertrophy; CHF = congestive heart failure. Circulation Research, Vol. XXI, December 1967 than TTP fell, T was augmented. TTP was also markedly lower in muscles from hyperthyroid cats than in those from euthyroid cats.
Modest Reductions in TTP (Less than 25% of Control).-The addition of norepinephrine, tyramine, strophanthidin, and calcium, as well as the institution of paired electrical stimulation, produced marked increases in AT/At, accompanied by reductions in TTP, which, though statistically significant, were smaller than those when frequency was increased or hyperthyroidism induced (Table 1, Fig. 2) .
Minimal Changes in TTP.-Both acetylcholine and serotonin also increased T and AT/ At. However, the accompanying changes in TTP were minimal.
Prolongation of TTP.-The addition of strontium was the only procedure that substantially prolonged TTP.
Inotropic Stimuli Associated with Reductions in T and AT/At
In Table 2 and Figure 2 , stimuli that reduced these variables are classified according to their relative effects on TTP.
The addition of pentobarbital or the induction of hypoxia was associated with significant reductions in TTP. The addition of dZ-propranolol and quinidine and the production of right ventricular hypertrophy and congestive heart failure produced small, statistically insignificant changes in TTP. The muscles of hypothyroid cats showed modest prolongations of TTP.
Temperature
The effects of changing temperature between 21° and 37° on papillary muscles from 10 normal, euthyroid cats are shown in Table  3 and Figure 3 . Increasing temperature from 25° to 37° resulted in a marked increase in AT/At and a reciprocal decrease in TTP, with no significant change in T ( Table 3 ). The changes in the AT/At and TTP over this range are such that the isotension curve is followed nearly exactly, as shown in (Table 3 ). This is shown by the divergence of the temperature line to the right and above the isotension line in Figure 3 .
Combined Influence of Alterations in Thyroid Activity and Temperature
The directional effects of thyroid state on AT/At and TTP already described for muscles studied at 30° also applied at 21°, 25°, and 37° ( Table 4 and Fig. 3) . Qualitatively, the responses of muscles from both hyperthyroid and hypothyroid cats resembled those observed in euthyroid cats, in that an increase in temperature augmented AT/At and re- The influences of alterations in temperature and thyroid activity on the percentage changes in &T/M and TTP are plotted as in Figure 2. durations of TTP in ventricular muscle encountered in this study were observed in muscles obtained from hyperthyroid cats studied at 37°. Conversely, the lowest values of AT/At and the longest durations of TTP were observed in muscles from hypothyroid animals studied at 21°. The interaction between the effects of changes in the thyroid state and the effects of changing temperature is also evident from the finding that TTP was essentially equal in muscles from hyperthyroid cats studied at 25°, muscles from euthyroid cats at 30°, and muscles from hypothy-roid cats at 33° (by extrapolation from Figure  3 ).
Comparison of the Effects of Norepinephrine and Calcium
When the effects of norepinephrine or calcium were studied in separate groups of muscles, it was observed that these two inotropic agents exerted similar effects, increasing T and AT/At but reducing TTP only modestly. In two groups of muscles the reductions in TTP produced by these two agents did not differ significantly (Table IB) . However, a more precise comparison between the effects of these two agents was provided by the sequential administration of calcium (2.5 to 6.5 mM) and norepinephrine ( K H M ) to the same papillary muscle, the sequence being alternated in different experiments. The increases produced in T were similar, from an average of 4.9 ± 0.7 to 7.5 ± 0.4 for calcium and from 4.8 ±0.8 to 7.4 ±0.8 g/mm 2 for norepinephrine. Norepinephrine produced a greater increase in AT/At, averaging 88%, as compared to calcium, which averaged 67%, and the decrease in TTP was greater for norepinephrine than for calcium, averaging 20% and 8% respectively (P<0.05).
Comparison between Atrial and Ventricular Myocardium
A comparison between papillary muscles and isolated left atria studied at 30° and 12 contractions /min showed that the TTP was three to four times longer in the papillary muscles, and that to develop any given level of tension, AT/At was therefore correspondingly lower in papillary muscles ( Table 5 ). Further differences between the two tissues were noted by comparing the responses of five additional papillary muscles with those of left atria obtained from the same cats (Table 5) . Increases in frequency, paired electrical stimulation, calcium, and norepinephrine shortened TTP in these papillary muscles by averages of 149, 65, 28, and 73 msec, respectively. However, these same procedures in left atria, while also producing substantial increases in T and AT/At, resulted in only trivial changes in TTP, averaging -5, +1, +2, and -5 msec, respectively.
Discussion
Both increasing the temperature and augmenting the thyroid state of the animal increased AT/At, while shortening TTP of the isolated cat papillary muscle. Both of these stimuli, which augment the velocity of shortening of the contractile elements (6, 9, 13) and therefore elevate the intensity of the active state, produce relatively minor changes in T because of the concomitant decrease in the duration of the active state. These findings are consistent with the observations of Brewster and associates (14) on the intact hearts of hyperthyroid, euthyroid, and hypothyroid dogs. Furthermore, the similarity between the effects of temperature and thyroid on heart muscle, and the additive effects of both of these influences, are compatible with the Circulation Research, Vol. XXI, Dice-nber 1967 hypothesis that they operate through similar or perhaps even identical mechanisms.
The effects of increasing frequency of contraction resemble those of hyperthyroidism and increased temperature in that a marked reduction in TTP occurs. However, only a limited range of frequency was explored, 12 to 48 contractions/min, to avoid hypoxia and to assure stability of high energy phosphate stores and the contractile properties of the muscles. Over the range of frequencies studied, an increase always produced a relatively greater augmentation of AT/At than reduction of TTP, so that T was increased. Increases in frequency in the intact heart have also been shown to augment the velocity of fiber shortening and to reduce the duration of contraction (15) (16) (17) (18) . However, tension does not change consistently and the changes which do occur depend on the specific conditions of the experiment, such as the actual frequencies involved, the species studied, and whether atrial or ventricular myocardium is examined (19) . The effects of increasing frequency on TTP are of considerable importance, since they determine the extent to which the increase in AT/At is offset by a simultaneous reduction in TTP; thus the effects of frequency on TTP in part determine the effects of frequency on T.
The findings with strontium differed from all of the other positive stimuli which elevated T and AT/At, since this substance produced a substantial augmentation in the duration of the active state in addition to augmenting its intensity. The additive effect of this combination of actions resulted in a particularly striking elevation of T. Indeed, the average peak tension developed by the muscles treated with strontium (12.3 g/mm 2 ) exceeded that observed following any of the other positive inotropic stimuli, which raised T to averages ranging from 6.2 to 11.0 g/mm 2 . It has been suggested that strontium may substitute for calcium in the activation process of muscle (13, 20) , and although this action resembles calcium in increasing T and AT/At, the difference in the effects of strontium and calcium on TTP suggests that the Circulation Research, Vol. XXI, December 1967 action of strontium is more complex ( Table  1) -It has been known for some time that hypothermia increases tension development, both in the isolated myocardium and in the intact heart (6, 21) . The findings of the present investigation are in accord with those of other investigators (22) who indicated that the augmentation of T during hypothermia results from a prolongation of the duration of contraction which more than compensates for any simultaneous depression of AT/At. The effects of temperature illustrate the problems inherent in classifying inotropic stimuli. As temperature was reduced from 25° to 21°, T rose significantly, and such an elevation would, in general, be considered to represent a positive inotropic effect. However, this reduction in temperature produced a striking reduction of the AT/At, an effect which has been interpreted to represent a negative inotropic influence. This apparent discrepancy can be explained by a consideration of the effects of temperature reduction on the force-velocity curve. It has been observed, both in isolated myocardium (6) and in the intact left ventricle (21) , that hypothermia may reduce the velocity of shortening of the unloaded muscle (V mas ) while increasing the peak tension development. Thus, it does not appear satisfactory to classify hypothermia as a simple positive or negative inotropic influence, but rather it seems more meaningful to characterize separately its effects on the intensity of the active state, on its duration, and on the interaction of these two independent variables.
It is interesting to note the differences between ventricular myocardium and skeletal muscle on the one hand, and atrial myocardium on the other. The changes in twitch tension developed by skeletal muscle result, almost without exception, from variations in TTP, with little or no alteration in AT/At (23) (24) (25) (26) ; in contrast, in atrial myocardium T is altered primarily by changes in AT/At, while TTP remains almost constant (Table  5 ). In ventricular myocardium changes in T usually result from a combination of variations in AT/At and TTP.
A major unresolved problem is the elucidation of the underlying factors which control AT/At and TTP. On first approximation, changes in the intensity of the active state can result from alterations in excitation-contraction coupling and/or in the chemical interactions of the contractile proteins themselves. Thus, it has been suggested that an increase in external calcium concentration, an increase in frequency of contraction (27) , or paired electrical stimulation all increase AT/At by making greater quantities of calcium available for activation of the contractile system, while elevation of temperature might increase AT/At by increasing the velocity of the chemical reactions involving the contractile proteins themselves. In this connection it is interesting to note that muscles from animals with experimentally induced congestive heart failure have recently been shown to exhibit reductions in AT/At that are proportional to the lowering of myofibrillar ATPase activity (28) and that the velocity of shortening in skeletal muscle is correlated grossly with its myosin ATPase activity (29) . On the other hand, the duration of the active state may be dependent on the speed with which the relaxing system can remove an activating substance, such as calcium. This too is an active, energy-dependent, enzymatic process (30) and therefore should be affected by changes in temperature.
